Optically-induced lensing effect on a 
Bose-Einstein condensate expanding in a moving lattice 
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We report the experimental observation of a lensing effect on a Bose-Einstein condensate ex- 
panding in a moving fD optical lattice. The effect of the periodic potential can be described by 
an effective mass dependent on the condensate quasi-momentum. By changing the velocity of the 
atoms in the frame of the optical lattice we induce a focusing of the condensate along the lattice 
direction. The experimental results are compared with the numerical predictions of an effective ID 
theoretical model. Besides, a precise band spectroscopy of the system is carried out by looking at 
the real-space propagation of the atomic wavepacket in the optical lattice. 

PACS numbers: 03.75.Kk, 03.75.Lm, 32.80.Pj 



The experimental realization of Bose-Einstein conden- 
sation allowed significant advances in the field of atom 
optics. Forces resulting from the interaction with co- 
herent light can be used to manipulate coherent matter 
waves . Bragg scattering from two pulsed laser beams 
@ has provided a simple tool for the implementation of 
atomic mirrors, beam splitters and diffraction gratings. 
Superradiant Rayleigh scattering has been used as the 
gain mechanism for the development of a coherent mat- 
ter waves amplifier Q. Atom lasers have been realized, 
providing pulsed and quasi-cw sources of coherent mat- 
ter waves [4j • Nonlinearities in the atomic wave equation 
have been exploited in experiments of nonlinear atom op- 
tics, such as the realization of four wave mixing |{| or the 
observation of soliton propagation [||. One main differ- 
ence between atoms and photons is the mass, which can 
be modified by the presence of a periodic potential, such 
as that resulting from the interference of two counter- 
propagating laser beams. The superfluid behavior of a 
condensate in such an optical lattice has been studied in 
showing the role of the effective mass in shifting the 
collective mode frequencies. The possibility of achiev- 
ing experimental control over the effective mass allows 
the dispersion management of the matter wavepacket. 
Several fascinating effects are predicted to appear in the 
negative effective mass regime, such as the formation of 
jjap solitons in a condensate with repulsive interactions 

In this Letter we demonstrate the possibility to change 
the expansion of a Bose-Einstein condensate (BEC) using 
a moving optical lattice, which acts as a lens for matter 
waves, focusing or defocusing the atomic cloud along the 
direction of the lattice, as recently predicted in |9J. The 
observed center-of-mass dynamics can be well explained 
in terms of band structure and Bloch states, familiar con- 
cepts to solid state physics. This picture has been con- 
firmed by many experimental results, including the ob- 
servation of Bloch oscillations 101 and an extensive work 
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FIG. 1: Schematics of the experimental procedure. After re- 
leasing the condensate from the magnetic trap (A) we adia- 
batically ramp the intensity of an optical lattice moving at 
velocity vl- We let the condensate expand in the periodic 
potential and after 10 ms at the maximum light intensity we 
look at the position and dimensions of the atomic cloud by 
absorption imaging along the radial horizontal direction (B). 



on loading and manipulating a condensate in an optical 
lattice pjj . In the rest frame of the lattice the eigenener- 
gies of the system are E n (q), where q is the quasimomen- 
tum and n the band index. According to band theory, 
the velocity in the n-th band is v n = hr x dE n jdq and 
the effective mass is m* = h 2 (d 2 E n /dq 2 )~ 1 . We demon- 
strate that the expansion of the condensate is strongly 
modified by the change in the single particle effective 
mass m* , which enters the diffusive (kinetic) term in the 
Gross-Pitaevskii equation. The expansion of a BEC in 
a static optical lattice has been already studied in [T^ |. 
Here we use a moving optical lattice to load the con- 
densate in quasimomentum states with different effective 
mass. This ability to access regions of negative effective 
mass allows us to change the sign of the matter wave dis- 
persion, inducing the condensate to compress along the 
lattice direction instead of expanding @ . 

The experiment is performed on a Bose-Einstein con- 
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densate of 87 Rb produced in a standard double magneto- 
optical trap apparatus by means of combined laser and 
RF-evaporative cooling. The evaporation is performed in 
a Ioffc-Pritchard magnetic trap with frequencies v x = 8.8 
Hz and v±_ = 90 Hz along the axial and radial direc- 
tions respectively. We typically produce condensates of 
s=s 10 5 atoms in the hyperfme level \F = l,mj? = —1} 
of the ground state. The optical lattice is provided by 
two counterpropagating phase-locked laser beams aligned 
along the axial direction of the cigar-shaped condensate. 
The two beams are circularly polarized and blue-detuned 
0.5 nm from the Rb D2 line at A = 780 nm. The interfer- 
ence of the two beams, derived by the same Ti:Sa laser 
and controlled by two independent acousto-optic mod- 
ulators, produces an optical lattice moving at velocity 
Vl = XAf/2, where Av is the frequency difference of the 
two beams. In the laboratory frame the resulting poten- 
tial can be written as V — sEncos 2 [k(x — v^t)], where 
k = 27r/A is the modulus of the wavevector and s mea- 
sures the depth of the optical lattice in units of the recoil 
energy E R = h 2 k 2 /2m. 

The experiment is performed as follows (see Fig. [Q. 
After producing the BEC, we switch off the magnetic 
trap and let the atomic cloud expand. After 1 ms of ex- 
pansion we adiabatically switch on the moving lattice by 
ramping the intensity of the two laser beams in 2 ms. We 
let the condensate expand in the lattice and after a total 
expansion time of 13 ms we take an absorption image of 
the cloud along the radial horizontal direction looking at 
the position and dimensions of the condensate. We note 
that the waist of the laser beams (about 2.0 mm) is big 
enough to provide a constant light intensity during the 
entire expansion of the condensate. This loading proce- 
dure allows us to project the condensate in a Bloch state 
of well-defined energy and quasimomentum [lH . We ver- 
ified the adiabaticity of this procedure by checking that, 
applying the reverse ramp to switch off the lattice, at the 
end of the expansion we still have only one momentum 
component in the atomic cloud (i.e. we have populated 
only one energy band). In our experiments we typically 
move the optical lattice with velocities vl between and 
2vb, where vb = qB/m = hk/m = 5.89 mm/s is the 
recoil velocity of an atom absorbing one lattice photon. 
As a result of the adiabatic loading we can access dif- 
ferent energy bands: for < vl < vb we populate the 
first band, while for vb < vl < 2vb the second band is 
populated. 

From the measured positions of the condensate center- 
of-mass at the end of the expansion we extract the ve- 
locity of the atoms inside the periodic potential. In the 
moving frame of the lattice the atomic velocity is given 
by v = vl — Ax/At, where Ax is the axial displacement 
of the condensate and At is the time of expansion inside 
the optical lattice (Fig. 1). In Fig. |2t we report the ex- 
perimental velocities as a function of quasimomentum for 
two different lattice depths: s = 1.3(1) and s — 3.8(1). 
The error bars include the indetermination in At due to 
the adiabatic switching on of the optical lattice. The lines 
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FIG. 2: a) Velocity of the condensate in the frame of the 
moving lattice for the lowest two energy bands and two dif- 
ferent optical intensities: s = 1.3 (closed circles) and s — 3.8 
(open circles). The experimental data are obtained from the 
measured displacements of the condensate center-of-mass af- 
ter the expansion inside the lattice. The lines are calculated 
from band theory, b) Effective mass of the condensate in the 
lowest two energy bands for s = 1.3. The experimental points 
(closed circles) are obtained by numerically evaluating the in- 
cremental ratios Av/Aq from the data shown above. The 
lines are calculated from band theory. We remember that 
Vb = qB/m — hk/m. 



shown in the figure are obtained from the calculation of 
the velocity in the first two energy bands. The measured 
spectrum of velocities shows a very good agreement with 
theory. We note that the theoretical curves are derived 
from the simple one-particle model neglecting the effect 
of interactions. As a matter of fact, since the experi- 
ment is performed after some expansion, we expect that 
interactions play a negligible role on the energy spec- 
trum (after 2 ms of expansion the interaction energy has 
been almost completely converted into kinetic energy). 
An adequate sampling of the experimental velocities al- 
lows us to reconstruct the effective mass by evaluating 
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FIG. 3: Absorption images of the expanded condensate. From 
left to right: a) normal expansion of the condensate with- 
out lattice; b) axial compression in a lattice with s = 2.9 
and vl = 0.9us; c) enhanced axial expansion in a lattice 
with s = 2.9 and vl = 1.1ns (where Vb = = Tik/m). 

In the lower part we report the axial and radial dimensions 
of the condensate after expansion in an optical lattice with 
s — 2.9 as a function of the quasimomentum. The experimen- 
tal points (closed and open circles) show the Thomas-Fermi 
radii of the cloud extracted from a 2D fit of the density distri- 
bution. The dotted lines show the dimensions of the expanded 
condensate in the absence of the optical lattice. The contin- 
uous and dashed lines are theoretical calculations obtained 
from the ID effective model described in the text. 



the derivative dv/dq from the finite increment between 
consecutive points. In Fig. 03 we report the results of 
such analysis on the data taken at s = 1.3 together with 
the theoretical curve. This experimental study allows us 
to make a precise spectroscopy of the energy bands, mea- 
suring the velocity spectrum and the effective mass of the 
condensate in the periodic potential. 

However, the most interesting feature of this experi- 
ment concerns the observed dependence of the dimen- 
sions of the expanded condensate on different lattice ve- 
locities (hence different quasimomenta of the condensate 
in the frame of the moving lattice). Typical absorption 
images for different q are reported in the upper part of 
Fig. |3J In the bottom of Fig. |2]we report the measured 
Thomas- Fermi radii of the condensate as obtained from a 
2D fit of the measured density distribution 13]. We note 
that, approaching the boundary of the first Brillouin zone 
for q < qs, the axial dimension of the condensate gets 



smaller as a consequence of the modified effective mass 
to* < (see Fig. |3Jd). In fact, it is easy to show that a 
change of sign in the effective mass corresponds to a time- 
reversed evolution under the influence of an inverted ex- 
ternal potential (if present). Since in our case the conden- 
sate is initially expanding outwards, when to* becomes 
negative an inversion of dynamics takes place [Til] . This 
contraction continues for times much longer than those 
considered in this experiment, until the wavepacket even- 
tually reaches its minimum allowed size (when dynamics 
inverts again). 

This focusing effect along the axial direction is bal- 
anced by an increased expansion along the radial axis, 
that we attribute to an effect of interactions. In fact, 
due to the compression along the lattice direction, the 
fast radial expansion is further enhanced by the increase 
of the mean-field energy. When the condensate is loaded 
in the second band, for q^qB, the axial expansion is en- 
hanced due to the strong positive curvature of the second 
energy band near the zone boundary, where < to* < to 
(see Fig. |3J;). As one would expect, in this case the 
radial dynamics is not modified, since the residual mean- 
field energy is further reduced by the fast axial expansion, 
causing a suppression of the non-linear coupling between 
the axial and radial dynamics. In Fig. 21 we also show 
the (radial to axial) aspect ratio of the condensate , 
which is characterized by a marked discontinuity across 
the boundary between the first and second zone as pre- 
dicted in 0- 

To get further insight on the behavior of the conden- 
sate during the expansion, we have analyzed the exper- 
imental results by means of the ID effective model pre- 




0.5 1.0 1.5 

quasimomentum (q/q B ) 



FIG. 4: Aspect ratio of the condensate after 13 ms of expan- 
sion in an optical lattice with s = 2.9. The dotted line shows 
the aspect ratio of the expanded condensate in the absence 
of the optical lattice. The continuous lines is a theoretical 
calculation obtained from the ID effective model described in 
the text. 
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sented in Q . According to this model, the full 3D Gross- 
Pitaevskii description of the system is first dynamically 
rescaled by using the unitary scaling and gauge transfor- 
mations of (16l fl7|| . and then reduced to an effective ID 
equation (dr-GPE) by a gaussian factorization of the ra- 
dial wavefunction |l8j . Despite its ID nature, the model 
is capable to account both for the axial and radial dy- 
namics of the system, as discussed in |9j. In the present 
case the factorization of the wavefunction is further jus- 
tified by the fact that during the expansion the axial and 
radial degrees of freedom almost decouple. 

Actually, Fig. [3]shows that the model qualitatively re- 
produces the behavior observed in the experiment, even 
though it does not fit precisely the data. In particular, 
approaching the first zone boundary, the observed focus- 
ing effect along the axial direction is slightly smaller than 
the calculated one, and at the same time the expansion 
along the radial direction (not directly affected by the 
lattice) is enhanced. Instead, in the second band the ra- 
dial behavior is well reproduced by the model, whereas 
there is still a discrepancy concerning the axial expan- 
sion. We remark that in the region near to the band 
edge (0.95qB < q < l-O^qs) the process of switching on 
the optical lattice is no longer adiabatic, and the descrip- 
tion is complicated by the fact that more than one energy 
band gets populated. Indeed what we actually see in the 
experiment is a superposition of two atomic clouds with 
different shapes resulting from the minor population of a 



different energy band. At the present stage of the exper- 
iment, we cannot increase arbitrarily the ramp time of 
the lattice intensity as the condensate, under the effect 
of gravity, falls out of the lattice beams. 

In conclusion, we have achieved a lensing effect on a 
Bose-Einstein condensate expanding inside a moving op- 
tical lattice. Tuning the velocity of the lattice we can set 
the lensing power of the periodic potential, all the way 
from focusing to defocusing of the atomic cloud. The 
demonstrated experimental control of the matter wave 
dispersion is likely to open new possibilities in the field 
of atom optics, including the observation of non linear 
effects such as the generation of gap solitons. The ex- 
perimental techniques introduced in this work will also 
allow future high precision studies of the band structure 
of a Bose-Einstein condensate in an optical lattice. 
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Note added. Only after completion of this work we 
became aware of the publication of a paper 19] showing 
results similar to those presented in this Letter. 
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